Carbohydrate metabolism during the development of the ruminant can conveniently be divided into four stages. ( I) The intra-uterine stage when the foetus is supplied from the maternal circulation via the placenta with the glucose required https://www.cambridge.org/core/terms. https://doi
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for growth and metabolism. ( 2 ) The immediate postnatal period of about 2-3 weeks duration when the rumen is non-functional and digestion is characteristic of the non-ruminant mammal. Here the young ruminant is again dependent on its mother for carbohydrate, supplied this time in the form of milk lactose which must be hydrolysed in the gut before it is utilized. (3) A later intermediate stage from 3 to 8-12
weeks post partum when the rumen is developing and the supply of maternal milk begins to decrease. (4) The fully ruminant stage from 8 to 12 weeks post partuwi onwards when rumen fermentation can satisfy the energy requirements of the animal and the young ruminant can be weaned. At this stage, dietary carbohydrates are degraded in the rumen to volatile fatty acids and little, if any, glucose is absorbed from the gut; instead the mature ruminant must rely on gluconeogenesis for its supply of carbohydrate. Thus, in a space of 2-3 months the young ruminant obtains its supply of carbohydrate by three distinct means and the metabolic implications of these changes are considerable.
Carbohydrate metabolism in the foetal ruminant It is generally accepted that carbohydrate derived from the maternal circulation via the placenta is the most important source of energy in the developing foetus. Glucose is the major carbohydrate found in the foetal blood of many species but in ruminant animals fructose predominates. Bernard (1855) reported the presence of a laevo-rotatory sugar in bovine allantoic fluid but final confirmation that this was fructose did not come until nearly a century later (Bacon & Bell, 1948) . Besides being present in allantoic fluid, fructose is found also in amniotic fluid and in foetal blood. The presence of fructose in foetal fluids and blood is apparently confined to the Ungulata (both odd-and even-toed) and Cetacea (Goodwin, 1956 ), which might suggest some common evolutionary descent (Huggett, 1961) .
Most of the research on the origin of fructose has been done on the sheep but it is highly probable that the results also apply to other 'fructogenic' animals. It has been shown that glucose, during its transfer from mother to foetus, is partly converted in the placenta to fructose which appears in the foetal blood and fluids (Huggett, Warren 8z Warren, 1951; Alexander, Andrew, Huggett, Nixon 8z Widdas, 1955) . Although glucose can pass the placenta in both directions, fructose cannot pass back into the maternal circulation; this results in an accumulation of fructose in the foetus. Foetal blood fructose concentrations are highest in early pregnancy and tend to fall with increasing gestational age ( Fig. I ) with the fructose being distributed between plasma and red blood cells (Hitchcock, 1949).
The formation of fructose from glucose in placenta probably occurs by the route shown below (Andrews, Britton, Huggett & Nixon, 1960; Britton, Huggett & Nixon, 1967 There is still no satisfactory explanation for the function, if any, of fructose in these foetal fluids. Needham (1931) described the fructose question as 'the most enigmatic aspect of embryonic carbohydrate metabolism'; it remains so today. It is unlikely that fructose acts as a major reserve of carbohydrate in the foetus since the enzymes necessary for its utilization are absent from foetal liver. However, there is some evidence for fructose utilization by the foetus particularly when little glucose is avail- (Leat, 1966 ), it appears that glucose is the major energy source for the foetus (Dawes, 1968) .
There is little glycogen in liver very early in gestation in the foetal sheep but levels rise substantially in the last half of gestation to reach high values (80 mg/g wet weight) at parturition, which are about double adult values (Shelley, 1961). Glycogen is also stored in skeletal muscle (five times adult concentrations) and to a lesser extent in lung and heart; placental stores are low. This deposition of glycogen is associated with high activities of enzymes required in the synthesis of glycogen from glucose (Ballard & Oliver, 1965). Even in the foetus, however, this glycogen store is labile and can be mobilized in time of stress . Deposi- tion of glycogen in the rat foetus is associated with the functional integrity of the pituitary and adrenal glands (see Jost, 1969) . In adrenalectomized ewes maintained with desoxycorticosterone acetate to rectify sodium and potassium balance, blood glucose levels in the foetus are very low although fructose levels are normal (Fig. I , 
F. A. Harrison and W. M. I;. Leat, unpublished observations).
The foetal requirement for glucose is high towards the end of gestation (8-9 g glucose/kg foetus daily) and can account for more than 30% of the glucose available to the mother (Kronfeld, 1958; Reid, 1968 ; but see Lindsay, 1971 ). Phillipson (1950) calculated that a single foetus accounted for 10.7% and twins for 17.1% of the basal metabolism of the non-pregnant ewe. The requirement of the foetus for glucose takes precedence over that of the ewe since in pregnancy toxaemia the carbohydrate status of the ewe is severely deranged whereas that of the foetus is relatively unaffected (Underwood, Curnow & Shier, 1943). The plasma concentrations of glucose in foetuses from sheep suffering from pregnancy toxaemia appear normal but plasma fructose concentrations are low (less than 3 0 mg/roo ml) (E. J. H.
Ford and W. M. F. Leat, unpublished observations).
Carbohydrate metabolism after birth At birth the placental supply of carbohydrate from the mother ceases abruptly and the newborn has now to derive its carbohydrate from other sources such as milk and by gluconeogenesis. The fructose concentration in blood, which had remained high during the foetal period, declines rapidly to very low values within 24-48 h of birth (see Fig. I ) (Cole & Hitchcock, 1946 Van Duyne, 1966) . Plasma glucose concentrations also rise after birth as a result of glycogenolysis associated with an increase in sympathetic efferent activity. In the calf the rise in plasma glucose post partum is not dependent on feeding, although suckling does exaggerate the increase (Comline & Edwards, 1968). In the lamb, exposure to cold has a hyperglycaemic effect which is absent if the animal is maintained at room temperature (Alexander & Mills, 
1968).
As in the foetus, the blood sugars of the newborn ruminant are distributed between the red blood cells and plasma but during the succeeding weeks the glucose content of the erythrocytes decreases to the very low values characteristic of adult ruminants (Reid, 1953 ; Leat, 1970) . This seems to be a function of the red cell membrane itself rather than any hormonal change at this time; since if adult bovine erythrocytes are injected into a calf they maintain their low glucose content and do not acquire the glucose permeability of the neonatal animal (Johnson & Stewart, 1968). Reid (1953) and Goodwin (1956) suggested that two types of red blood cells may be involved : a foetal cell high in glucose which is gradually replaced by an adult cell containing little or no glucose.
After the initial rise in blood sugar during the first week post partum, there is a gradual decline to adult values by 8-12 weeks. Initially it was thought that this fall was associated with the rumen development but this is not now thought to be so (see Leat, 1970) . The decrease in blood sugar with age is probably best explained by the decrease in red blood cell glucose, and by the decline in plasma glucose which reflects the diminishing intake of milk. In lambs the fasting concentrations of plasma glucose increase during the first week of life but then tend to decline during the period 3-8 weeks post parturn when there is a marked elevation in plasma free fatty acid concentrations (Leat, 1970 ). It appears therefore that, during the period 3-8 weeks postpartum when the intake of milk is decreasing, the development of the rumen is not sufficiently advanced to prevent depletion of liver glycogen and mobilization of depot fat after an overnight fast.
After parturition, liver glycogen levels in the newborn ruminant fall rapidly to about 10% of foetal values within 2-3 h of birth, despite suckling, and these changes may be due to secretion of catecholamines (Edwards & Silver, 1969) . The liver glycogen values remain low for several days before rising to adult values 2-3 weeks post partuwz (Shelley, 1961) . This mobilization of glycogen after birth tides the animal over the intermediate period until the commencement of suckling.
During the first 8-12 weeks after birth the young ruminant changes from a non-ruminant to a ruminant-type digestion with a marked alteration in some aspects of carbohydrate metabolism (see Leat, 1970; and Edwards, 1970) . In some ways the neonatal ruminant as it develops takes on the characteristics of diabetic man, for example in its response to intravenous glucose tolerance tests. In the foetal sheep, insulin plays a minor role in carbohydrate metabolism (Alexander, Britton, Cohen & Nixon, 1970) and at birth insulin-release mechanisms appear to be https://www.cambridge.org/core/terms. https://doi.org/10.1079/PNS19710046 deficient. Sensitivity to injected insulin is greatest immediately after birth but declines on development to become low in the adult ruminant.
These changes, together with the decreasing glucose utilization and size of glucose pool, suggest that the importance of glucose to the young ruminant decreases during the first 8-12 weeks of life. This is borne out by changes in enzyme activity of some key processes in carbohydrate metabolism during this stage of development, which reflect the carbohydrate status of the animal {see Ideat, 1970) . Thus, the young ruminant ingesting milk will absorb carbohydrates from the small intestine and enzymes are present in liver to catabolize glucose and to convert it to glycogen. As the young ruminant develops it ingests decreasing amounts of milk and, after weaning, little glucose will be absorbed from the gut since the dietary carbohydrates will be fermented in the rumen to volatile fatty acids. There is a reduced capacity for glucose oxidation by the liver and for conversion of glucose to glycogen in the mature ruminant. There is little net uptake of glucose by the liver of the adult ruminant and this is reflected in the negligible hepatic glucokinase (EC 2.7. I .2) activity. However, the adult liver is well equipped for gluconeogenesis, which is now the major source of glucose, and for the release of glucose into the blood stream. I n the foetal and neonatal ruminant, glucose can also be converted into fat but in the adult ruminant the activity of A T P citrate lyase (EC 4.1.34, which is a key enzyme in the conversion of glucose to fat, is low. Glucose is very much at a premium in the adult ruminant which can ill afford the luxury of fat synthesis from carbohydrate. The decrease in glucose utilization and increased gluconeogenesis associated with the development of the young ruminant are also characteristics of the human diabetic state. These changes may be mediated through the glucose-fatty acid cycle (Randle, Garland, Hales & Newsholme, 1963) by the action of volatile fatty acids being produced at this stage of rumen development.
Digestion of carbohydrates
T h e neonatal calf and lamb readily utilize lactose, glucose and galactose, whereas maltose is utilized only slightly, and fructose, sucrose and starch not at all (Dollar & Porter, 1957; Walker, 1959; Huber, 1969; Siddons, Smith, Henschel, Hill & Porter, I 969) . These findings correlate well with disaccharidase activities in the intestinal wall ; ,!I-galactosidase (EC 3.2. I .23) activity is high, a-glucosidase (EC 3.2.1.20) low and sucrase absent, P-Galactosidase activity tends to decrease with age, a-glucosidase remains unchanged and sucrase remains absent ; these results agree well with data on utilization of carbohydrates, suggesting that the activity of intestinal disaccharidases is .a controlling factor in disaccharide utilization (Siddons et al. 1969) . I n comparison, the pig, which at birth can only utilize glucose and lactose, develops the ability to utilize sucrose, dextrin and maltose at 10 d of age (Dollar, Mitchell & Porter, 1957) . However, in the older calf (4-6 months) there is appreciable digestion in the small intestine of starch and maltose (Henschel, Hill & Porter, 1962) , partly due to digestive enzymes and partly due to bacterial action. T h e rumen micro-organisms of a 3-week-old lamb can digest as wide a variety of carbohydrates as the adult (Walker & Walker, 1961) . These results indicate that diets containing starch, dextrins, maltose or sucrose should be avoided for the young ruminant until such time as the rumen is functional, and that diets should be based on milk products or on predigested starch supplemented with a-glucosidase. I n the adult ruminant most dietary carbohydrates on normal diets are degraded in the rumen to volatile fatty acids and digestion in the small intestine becomes of lesser importance. It is of interest to note that in the human foetus all intestinal disaccharidases are active at 3 months and reach adult levels towards the end of gestation (Dahlqvist & Lindberg, 1966 The ruminant is able to digest and utilize a wider range of carbohydrates than most other mammals, yet the means whereby it carries out this digestion also ensures that it may, during periods of high productivity, suffer from a shortage of glucose. Indeed the plight of the high-producing ruminant is not so very different from that of the ancient Mariner who had 'Water water every where. Nor any drop to drink.'
The basic reason for this shortage of glucose is that some 90% of the digestion of carbohydrates is by fermentation to short-chain fatty acids (volatile fatty acids (VFA)) by the bacteria and protozoa of the rumen and large intestine. Thus, only small amounts of glucose, derived mainly by hydrolysis of starch in the small intestine, are absorbed from the gut, and to meet its glucose requirements the ruminant relies heavily upon gluconeogenesis from the propionic acid and microbial protein produced by fermentation in the rumen.
In the following discussion, those aspects of carbohydrate digestion recently reviewed for the Society by Armstrong & Beever (1969) will be covered only briefly.
Processes of carbohydrate digestion
Rumen. The first form of digestion which carbohydrates undergo involves an anaerobic fermentation in the rumen. Polysaccharides are hydrolysed and the resulting hexoses and pentoses are then oxidized to acetic acid and various reduced products, in particular propionic acid, n-butyric acid and methane. These products are formed in widely different proportions although, so far as is known, all carbohydrates are fermented by a common pathway, the Embden-Meyerhof glycolysis system, to pyruvate. It is in the further metabolism of pyruvate that the differences in products arise (Baldwin, 1965).
The products formed during fermentation are basically the resultant of the interaction between the microbial population and the substrate. Such relatively small differences in substrates as exist between glucose, galactose and xylose result in the formation of widely different proportions of VFA (Sutton, 1968) , but there is no consistent relation between a substrate and the products of its fermentation as
